T hin copper films contain in g 0* I atom ic p ercen t o f helium , in tro d u ced b y b o m b a rd m e n t w ith 38 MeV a-particles, h av e been pu lse-h eated a t ~ 800 °C in th e electron m icroscope a n d th e sm all helium bubbles w hich form ed w ere observed a n d p h o to g rap h ed a fte r successive pulses. T he bubbles could b e seen to m ove th ro u g h th e copper w ith velocities ~ 1000 A/s, exploding w hen th e y m e t th e surface o f th e film, a n d coalescing w ith o th er bubbles w hich lay in th e ir p a th . M easurem ents o f th e b u b b le ra d ii before a n d a fte r coalescence suggested t h a t th e gas in th e larger bub b les obeyed th e perfect gas laws an d th a t its pressure alm ost ex actly balanced th e surface pressure o f th e b ubble. Since no b u b b le w as observed to reduce in size d urin g its m ig ratio n , it w as concluded th a t helium (the sm allest in e rt gas atom ) wT as u n ab le to dissolve in copper, even a t high te m p e ra tu re . I n these th in films th e bubbles all m oved in th e sam e general direction, an d it is th o u g h t th a t th e y m ig rated u n d er th e influence o f th e te m p e ra tu re g rad ie n t. T he coalescence o f th e in e rt gas bubbles reduces th e ir n um ber, an d enlarges th e m , a n d in consequence causes th e m etal to increase its overall volum e. T he ob serv atio n o f in e rt gas b ubbles a tta c h e d to p recip itates in alum inium , beryllium , an d u ran iu m suggests th a t th e re s u lta n t low ering o f free energy w hen a b u bble collides w ith a p recip itate ten d s to anchor th e bub b le a n d re stric t th e volum e increase.
The m igration and coalescence of inert gas bubbles in metals I n t r o d u c t i o n I t is known th at the inert gases have low solubilities in metals (see, for example, Johnson & Shuttle worth 1959) , and they are not normally present in quantity in metals. Thus the inert gas introduced into metals by the injection of their energetic ions, from a particle accelerator, and the inert gas produced in situ by transmutation during neutron irradiation of certain reactor materials, e.g. those containing uranium, thorium, plutonium, beryllium, boron and lithium, present new problems. The inert gases, e.g. xenon, krypton and helium, produced in this way rapidly exceed their solubility limit and precipitate into tiny gas bubbles which coarsen on heating, eventually producing an appreciable volume increase. This swelling caused by the extra volume occupied by the gas, can set a limit to the use of impor tan t reactor materials.
There has been much speculation concerning the behaviour of these inert gas bubbles in metals, and it is the purpose of this paper to describe the behaviour of such bubbles observed directly in thin metal films heated in the electron microscope. particles which had a range of 0-023 cm in the copper. The foils were clamped as a stack to a water-cooled target assembly, so th at their temperature did not exceed 250 °C, and bombarded with ~ 1013 a-particles cm_1s_1. The effective a-particle beam area was 2-5 cm2 and the total dose ~ 1-7 x 1017 a-particles/cm2, which re sulted in a 4He atomic concentration of ~ 10-3 in the foil in which the a-particles came to rest. Sections cut from the helium containing foil were electro-thinned and then ex amined and heated in the 'hot stage' of a JE M 6A electron microscope. Initially a fine dislocation network existed in the foils. This coarsened upon heating and tiny bubbles appeared upon the grain boundaries and dislocation lines in the temperature range 450 to 550 °C. These bubbles grew larger but became fewer in number upon further heating. Such behaviour had previously been deduced from a series of samples annealed at various temperatures before thinning (Barnes & Mazey i960).
Owing to the large thermal capacity of the heating stage assembly, the tem perature rise was difficult to control, and as the temperature was changing during the photographic exposures, with consequent movement of the metal films, the results are not given here. However, these preliminary experiments suggested th a t the individual bubbles were migrating within the film while its temperature was greater than 700°C. Also, bubbles near the film edge were seen to 'b u rst' as the edge approached the melting point.
The same sequence of events as th at described above was observed when the electron microscope beam was used to heat locally a similar thin film by a series of pulses. Here the photographs could be taken when the sample was stationary after cooling. The sequence of photographs shown in figures 1 and 2, plates 1 and 2, were taken in this way using a Siemens Elmiskop 16 electron microscope. Figure 1(a) shows the dislocation network near a grain boundary in the film after thinning, and four subsequent heating pulses in the microscope beam. After taking the photo graph the microscope condenser aperture was again removed to heat the film for several seconds during which time the network coarsened, as did the bubbles on the grain boundary. The situation was photographed when the film became stationary and the process repeated many times until the bubbles were large. By correlating the events seen during the thermocouple-monitored hot-stage experiments, mentioned above, it was estimated th a t the temperature of the film during the heating pulses was ~ 800 °C.
The successive photographs obtained between the heating pulses enabled the migration, and growth of particular helium gas bubbles to be followed in detail. The early stages in the bubble growth were difficult to follow because of the vast number and smallness of the bubbles. However, once the bubbles had coarsened, so th at fewer than about fifty occupied the microscope screen, the motion of any one could be followed, even during the heating pulse, although, due to lack of resolution in this condition, only a 'hazy' observation could be made. The individual bubbles appeared to move relative to one another, and comparison between successive photographs confirmed this. Datum points such as grain boundary triple points and surface impurities were used to superimpose exactly successive photographs.
The detailed movement of the individual bubbles could then be easily traced. The positive of two superimposed negatives (those of figures 2(a) and ( ) ) is shown as figure 2(d) where the individual motion of many of the bubbles is indicated by arrows. The numerous surface blemishes on this thin film (all of which remained stationary between anneals) made the superposition unambiguous, and confirmed th a t there was no grain boundary movement.
The bubbles all appeared to move in the same general direction during a given heating and continued to move in the same direction on (as many as ten) subse quent heatings. The velocity of the smaller bubbles was greater than th at of the larger and by plotting the bubble radius against the distance moved between successive photographs it was apparent that, approximately, the velocity was inversely proportional to the radius of the bubble. Quite frequently a bubble was not to be found on the succeeding photographs. This was usually because the bubble came in contact with the surface during the intervening heating pulse, and released its gas. These bubbles could be seen bursting through the surface during the pulse heating. The loss of gas to the grain boundary can also be inferred, e.g. in figure 1 (a) , where there is a zone ~ 3000 A wide on each side of the boundary which is denuded of bubbles. The bubbles in the grain boundary tend to be larger than those in the neighbouring grain.
Migration of inert gas bubbles in metals
On other occasions bubbles disappeared because two came into contact and coalesced to form a larger bubble; e.g. bubbles P and P' in figure 1(d) became bubble P in figure 1 (e). The coalescence of many bubbles has been observed, and table 1 shows the relation between the radii, measured to an accuracy of ± 5 %, of the combining bubbles (rv r2, ...) and the final bubble P. The relation n X r l = R* is obeyed in each case.
D i s c u s s i o n

The migration of bubbles
The migration of inert gas bubbles in metals had been suggested (Barnes 1961 (Barnes , 1962 as a possible mechanism to explain the growth of bubbles of insoluble inert gas, which occurs as a result of heating the metal. The photographs of figures 1 and 2 demonstrate conclusively th at bubbles of helium can migrate through thin films of copper during heating pulses in the electron microscope.
The migration, although often in the same direction in many photographs, was real and not due to a shift in the reference points which were stationary during the tre a t ment; also the bubbles migrated relative to one another, the smaller normally moving the farther in a given heating pulse. As the duration of these pulses was 1 to 4 s the velocity of migration was up to ~ 1000 A/s for bubbles of 350 A radius.
The migration could only have occurred by metal atoms moving from the leading surface to the trailing surface of the bubble (any plastic deformation process would be associated with a complex of dislocations surrounding the bubble). If the atoms were transferred by evaporation at the leading surface and condensation at the trailing surface of a bubble, radius r, migrating with a velocity v, then approximately a volume of metal vnr2 would be evaporated each second from a surface area 77T2, i.e. an evaporation rate of v cm/s. However, a film ~ 2500 A thick survives with no apparent change in thickness more than ten pulses so the evaporation rate at each free surface (into vacuum and not high-pressure helium) must be less than 10 A/s, two orders of magnitude less than th at necessary to account for the observed bubble velocities. Thus it seems unlikely th at evaporation was deter mining the migration of the bubbles, and the flow of metal atoms from the leading to the trailing surface of a bubble was almost certainly by surface diffusion.
Quite frequently bubbles disappear, e.g. G in figure 1(c) and L in figure 2(a). I t was seen th at the bubble erupted during the heating pulse. This was presumably because helium at high pressure escaped by exploding the surface layer of the copper when the bubble approached the surface. As no trace of a crater is seen on the succeeding photograph, the disturbance to the surface must have healed in the few seconds available. This suggests th a t surface diffusion is rapid at these temperatures and sufficient to account for the observed velocities of the bubbles.
Coalescence of bubbles
Although much less frequently than the escape of bubbles, the coalescence of two (or more) bubbles was also observed during the heating. Examples where this occurred between two of a sequence of photographs are listed in table 1. There was little doubt th at the final bubble formed from the coalescence of the individual bubbles selected.
Relation (1) suggests th a t it is not the volume th at is conserved during the amal gamation, but the surface area, and this would be the case if the helium obeyed the perfect gas laws, and its pressure was inversely proportional to the radius of the bubble containing it. This has already been deduced from statistical evidence obtained by comparing the average size and the number of bubbles as they coarsen during heating in a given sample (Barnes 1959; Boltax 1962) . However, with the direct observation of the coalescence of two individual bubbles the conclusion can be drawn more forcefully. If a t a temperature °K a bubble n, radius rn contains mn atoms of helium, then, assuming th a t the pressure of the gas exactly balances the surface energy,* the following relation will be obeyed
where k is Boltzmann's constant. If such a bubble collides and coalesces with others the number of gas atoms m will be conserved and the combination will be governed by the relation^m
where M is the number of atoms of gas in the final bubble, i.e.
where R is the radius of the final bubble; this is relation (1) found experimentally. This relation thus suggests strongly th a t the pressure of the gas in the bubble is almost exactly balanced by the surface energy, even in a bubble which formed less than 2 s earlier by coalescence of smaller bubbles. When coalescence is observed during the heating, the final bubble assumes its final spherical shape apparently instantaneously. The flow of vacancies to these bubbles so th at they can attain equilibrium must be rapid a t the temperatures involved, i.e. greater than 107 vacancies per second, and also the surface diffusion must be rapid.
If relation (1) held exactly there would be no strain field around the bubble, and certainly any strain field around these bubbles is insufficient to produce a dif fraction contrast effect, although in other metals, particularly when the bubbles are small, such strain fields have been observed. I t is thought, however, th at some strain field does exist, because on several occasions small bubbles have been seen closely associated with larger bubbles, e.g. figure 1 ( ) and (c) point F, where they remained apparently touching without coalescing during several heating pulses. The small bubble in figure 1(e) at point P is seen to rotate about the larger bubble like a satellite during the heating pulses, and yet it has not been assimilated by the larger bubble. Such observations suggest th at a short-range repulsion does exist between these bubbles. As such prolonged proximity has never been observed with two large bubbles it is suspected th at there is repulsion due to a strain field, around the smaller bubbles only. Although the very small bubbles probably grow by the same process, the inference is, th at for bubbles of < 100 A radius the gas pressure is not exactly balanced by 2yjr. Detailed observation of such small bubbles in collision would be valuable because both the deviation from the perfect gas laws (which, on the basis of Van der Waals law as a guide, should be detected when bubbles are less than about 200 A radius) and the unbalance of these pressures might be revealed. 
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Insolubility of inert gas In the early stages, coalescence was frequent and difficult to follow in detail. When the number of bubbles had reduced, it could be seen th at on the only occasions when bubbles increased their size appreciably, this was always attributable to coalescence with nearby bubbles which disappeared a t the same time. This indicates th at any helium left in solution was near equilibrium. No bubble has been observed to decrease its size although many have moved more than 100 diameters after several pulse anneals. Even when a bubble has remained apparently attached to another bubble during several heating pulses neither changed in size throughout. I t follows th at loss of gas only occurs when the bubble collides with an external or internal surface. If any gas can dissolve and diffuse to a nearby external surface or bubble it must be so little as to be insignificant. Many experiments have been performed in an attem pt to measure the rate of diffusion of inert gas through a membrane, and all have failed to detect any diffusion (see, for example, Smithells & Ransley 1935) . These observations constitute a similar experiment but with more stringent conditions than those so far attempted. If we consider, for instance, the two bubbles at P in figure 1 (e), then table 2 gives the number of atoms in unit volume of each bubble. D e sc r ipt io n of plate 1 F igure 1 (a). A transm ission electron m icrograph of a th in film of copper containing ~ 0 1 a t. % 4H e, showing a dislocation netw ork (produced by th e irradiation) upon which helium bubbles less th a n 100 A in diam eter have form ed as a result of pulse heating to ~ 800 °C.
(b)
The sam e area after three fu rth er heating pulses, illustrating th e redistribution and grow th of th e bubbles. The bubbles seen in th e grain boundary in figure 1 (a) have escaped from th e foil.
(c) F u rth e r m igration of th e bubbles following another pulse. M any have coalesced w ith neighbouring bubbles to form one larger bubble, e.g. th e groups A, D, E, K, H, and O seen in figure 1 (b).
(d) A fter another pulse showing m ore m igration, coalescence, and loss of bubbles to th e surface, e.g. th e large bubble a t O is no longer seen. Short lengths of dislocations connect some bubbles (A, E, G, an d H), to th e foil surface.
(e) A fter two m ore pulse anneals. N ote th e bubble a t P has a sm all satellite bubble.
(/) A fter an o th er (the tw elfth) pulse, th e sm all satellite a t P has ro ta te d around the larger bubble, and m ore bubbles have disappeared. If we assume th a t the thickness of the metal membrane separating them is 110 A, and its effective area 8 x 10-11 cm2, then the number of atoms passing through per second is given by Fick's law:
Barnes & M azey
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where D is the volume diffusion coefficient, and dc/dx the concentration gradient. As the smaller bubble does not reduce in radius by more than 10 % during 10 s at a temperature of ~ 800 °C, dmjdt must be less than 9 x 104 atoms/s. If we assume th a t the flow of gas is limited solely by its diffusion rate through the metal then D must be less than 1*2 x 10~12 cm2/s. However, the small flow of helium is thought to he due to a lack of solubility in copper rather than to this low diffusion coefficient which is much lower than th a t normal for inert gases in metals (Le Claire & Rowe J955)-I t has been suggested th a t the inert gas might however diffuse along dislocation 'pipes' (Hasiguti & Igata 1961) , and th at this explains the growth of bubbles which had previously been shown to lie on dislocation lines (Barnes & Mazey i960). An argument had been suggested against such a hypothesis (Barnes 1961) but the present observations supply stronger arguments. The most clear evidence th a t helium is not diffusing along dislocation pipes is provided by figure 1 (d) where many of the bubbles lie on dislocations which, because they are steeply inclined to the film surface, are very short (~ 100 A). Although during the photographic sequence the bubbles move as much as 10 diameters there is no evidence of a diminu tion in their size. So here where the gas would diffuse into a vacuum, along two dislocation pipes (one to each surface and sometimes there are more than two dis locations) the diffusion is very slow, if it occurs at all. Occasionally small bubbles lying on a dislocation line disappear, and have apparently merged with neighbour ing bubbles on the same dislocation line. I t might be argued th at this was evidence of atomic diffusion of helium along the dislocations, but the few examples observed suggest th a t the small bubbles are assimilated whole, e.g. the two small bubbles lying on the dislocation between the two large bubbles E and F in figure 2 disappear. This observation and others is consistent with the view th a t the small bubbles migrate as a whole along the dislocation line until they collide with the first large bubble in their path. Although these observations do not reveal the detailed behaviour of the bubbles in the grain boundaries, the first bubbles seen are these (e.g. figure 1 (a) ) and they coarsen more rapidly than those in the grain, and disappear more readily. This observation is not inconsistent with a model whereby small bubbles collide with the grain boundary, and become trapped there due to a reduction in the combined inter facial energy. The bubbles on the grain boundary are slightly elongated (see figure  2 (a) and (  b) ), and the relative surface and grain boundary energies could be deduce from an exact knowledge of the shape of these bubbles. However, migration in the grain boundary occurs with eventual escape of the bubble to the free surface. The bubble M on the grain boundary in figure 2 (a), ( ) and (d) apparently migrates in the boundary with no decrease in size, suggesting th at the helium only escapes by the bubbles reaching the free surface. I t will be noted th a t the migration is in a direction contrary to th a t of the bubbles in the grain.
These observations thus virtually rule out re-solution of the helium as playing a role in the growth of these bubbles which occurs on heating. Of all the inert gases, helium, having the smallest atom, would be most likely to dissolve in copper (Rimmer & Cottrell 1957) , so th at bubbles of other inert gases are even less likely to coarsen by a re-solution process and it is suggested th a t they too enlarge by direct combination on collision.
Driving force for migration
In the absence of any driving force one expects a bubble, which is at a temperature sufficient for surface diffusion, to vacillate about its initial position just as a small suspended particle describes a Brownian motion. Under the influence of a driving force the bubble will move in the direction of the force. I t is apparent th a t in these experiments the driving force for the migration is not the line tension of stressed dislocations, for in some cases there is no dislocation associated with the bubble, and in others the stressed dislocations must have retarded the motion. For instance, in figure 2 (6), bubbles lying on dislocations drag the dislocations with them, the dislocations become bowed and leave the bubbles on their trailing surface. This tendency for the bubbles to drag their dislocation with them results in the loss of th a t portion of the dislocation where its associated bubble escaped from the surface (see, e.g. L in figure 2 (6)).
There are several possible driving forces acting in these thin films. A temperature gradient would cause motion, and also a hydrostatic compressive stress gradient might. Sufficiently large hydrostatic stress gradients are not likely in these thin films, and the most likely driving force appears to be a temperature gradient (which would probably be in a constant direction over the area observed in a photograph).
However, it should be emphasized th at these observations apply to thin films, pulse heated in the electron microscope beam when large temperature gradients occur. The behaviour in bulk material could be very different particularly if temperature and compressive stress gradients are small as they must be during an isothermal anneal of an unstressed isotropic metal. Dr W. W. Mullins (private communication) has derived an expression for the migration velocity v of a bubble radius r, under the influence of a driving force F, and for a face centered cubic crystal this becomes
where Ds is the surface diffusion coefficient of the material at the absolute tempera ture T, and a0 is the lattice parameter. Thus under a constant driving force the velocity at a given temperature would be inversely proportional to the fourth power of the radius of the bubble, and if the value of the driving force was known the surface diffusion coefficient could be estimated. As the surface diffusion coefficient in copper at 800 °C has been measured by Gj ostein (1961) and by Choi & Shewmon (1962) to be about 2 x 10~6cm2/ s we can use expression (4) to calculate the force causing the bubbles of radius 350 A to migrate with a velocity ~ 1000 A/s. This gives a value of 1-2 x 10_3dyne. A temperature gradient of ~ 105 degrees/cm, which is feasible in these experiments, would produce such a force. I t might be worth considering the magnitude of the driving force in metals with no appreciable temperature gradients. Then the most likely driving force would be the line tension of the dislocation lines upon which almost invariably the bubbles lie in bulk material. If the dislocation was unstressed it would be straight, lying through the centre of the bubble. But, if a stress was applied it would bow by slip (or climb if the stress was due to a local non-equilibrium of point defects) to relieve the stress. The dislocation would normally remain associated with a bubble leaving its surface approximately at right angles to reduce the surface shear stress so th at a force would be exerted on the bubble. Its value would be approximately / 2 cos 0 where p is the shear modulus, b the Burgers vector of the dislocation and 20 the angle between the dislocations. This force can be as large as 3-6 x 10~4 dyne, which according to equation (4) would produce a velocity of 280 A/s, i.e. about onethird that observed. Thus even in the absence of a temperature gradient appre ciable motion of these bubbles might be expected provided th at the material was stressed.
However, the bubbles observed in the thin films do not obey relation (4); using the values for larger bubbles would give larger driving forces. This may be because the driving force is itself a function of the bubble size, and e.g. if it is a consequence of the temperature gradient, F oc r3, then v oc r -1, as is observed approximately.
The influence of precipitates I t has been observed that solid precipitates in material heated after helium injection frequently have associated with them one gas bubble or more, and when this was first observed it was thought possible th at the bubble preferentially nucleated there. However, this is now known not to be the case, because the bubbles are initially formed on a very fine scale, and grow by the migration process.
Any bubble which collides with a precipitate will adhere to it because the combined surface energy of bubble and precipitate will be lowered. Further migration will thus frequently cease, and further gro wth of the bubbles will be retarded until a temperature is attained where the precipitates coarsen. Such precipitates are seen in figure 3 , plate 2, which shows helium bubbles adhering to precipitates in aluminium containing iron. The effect of the precipitates is therefore to restrict the coarsening of the bubbles such th a t their number does not exceed, to an order of magnitude, the number of precipitate particles. A similar effect has recently been observed in beryllium (G. P. Walters, private communication).
I t has been observed th at uranium with small additions of iron and aluminium ('adjusted' uranium) contains precipitates, and th at in this material the swelling at high temperatures is restricted (Bellamy 1962) . Bubbles formed from injected helium atoms in uranium are shown in figure 13 of a paper by Makin et al. (1962) , and on careful examination it can be seen th a t many of the bubbles are associated with precipitates (often crescent-shaped, black, encasing the bubble, and very similar to those shown in figure 3 ). Xenon-krypton bubbles are seen associated with similar precipitates in adjusted uranium which has been neutron irradiated (B. Hudson, private communication) , and this present work indicates th a t it is these precipitates which restrict the migration and thus the growth of the bubbles. A similar expedient could thus be used in other materials when swelling caused by irradiation was a problem.
C o n c l u s i o n s
The direct observational evidence presented shows th at helium bubbles can migrate in copper at temperatures around 800 °C, and it is probable th at the mechan ism is by the surface diffusion of the metal atoms round the bubble.
The behaviour of bubbles which coalesce suggests th a t the gas obeys the perfect gas laws, and th a t its pressure is approximately balanced by the pressure due to the surface energy. However, there are indications th a t this is not so for small bubbles.
The inability of a bubble either to grow or to shrink appreciably, except by direct collision with another bubble, suggests th a t there is only an equilibrium concentra tion of gas left in solution, and th at the gas in the bubble is unable to escape from the bubble, either through the metal lattice, along dislocation lines, or along the grain boundary, even at temperatures approaching the melting point.
As helium is the smallest inert gas atom it would be surprising if any other inert gas showed very different behaviour in other metals, and this leads to the view th a t the behaviour of inert gas bubbles is determined more by the properties of the matrix metal than those of the particular inert gas itself.
These observations suggest th a t bubble migration, and thus their coalescence and gro wth, can be reduced by introducing stable precipitates into the metal, and this has been indicated in these experiments.
By assuming th at inert gas bubbles grow as a result of their migration, conse quent collision and coalescence, many of the anomalies in the behaviour of metals which contain inert gas (e.g. neutron-irradiated uranium, beryllium, and boron-
